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Abstract 
In many occasions, effects of wind induced waves and currents on the flow and salinity fields of water bodies are 
studied separately. In fact, some coupling mechanisms of the two phenomena cannot be ignored. The wave 
contribution to the salinity regime in saline waters is addressed in this paper. A coupled wave-flow numerical model 
has been used. The model has first been verified against field data from Öresund Link. The verified model has then 
been employed to investigate the wave-flow interaction effects on the salinity contents/distribution in an artificial 
rectangular basin. 
It was noticed that the wind-induced wave actions provide changes in the flow speed/direction, water surface level, 
and the salinity contents/patterns. The relative magnitude of the effects, however, varied in different cases. The wave-
current coupling effect had notable impacts on salinity distribution/contents as it appeared to grant greater water 
mixing in the saline water bodies. The wave coupling effects on the salinity regime were more distinct in 
shallow/large water bodies and were increasing as the wave height and the initial salinity increased, making the effect 
pronounced in large hyper saline shallow lakes. 
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1. Introduction 
In many occasions, effects of wind-induced waves and currents on the flow and salinity fields are 
studied separately, but in fact some coupling mechanisms of the two phenomena cannot be ignored. Also, 
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wave-current interactions may influence the flow patterns, mass transportation and sometimes the 
distribution of suspended materials like sediments and pollutions [1, 2, and 3].   
As an example, Lake Urmia in Iran is one of the largest hyper saline lakes in the world and the habitat 
of a unique bisexual Artemia species [4]. Artemia Urmiana is one of the few living organisms in the lake 
(average salinity of 200 g/l) and has a vital role, as a live food in aquaculture. Salinity distribution in the 
lake is, therefore, important as Artemia Urmiana hardly survives in salinities greater than 250 g/l [5, 6, 
and 7].  
Another example is Göksu lagoon system, located near Mersin city on the Mediterranean coasts in 
Turkey. This water body consists of two lakes (Akgöl and Paradeniz), which are inter-connected by a 
very narrow and shallow channel. Owing to the nutrient enrichment in Göksu Lagoon system there is an 
extensive vegetation development in Akgöl, whereas vegetation growth in Paradeniz is tolerant of the 
high salinity [8, 9]. As a result, salinity has an important effect on the aquatic life in Göksu Lagoon 
ecosystem [8].  
For an accurate evaluation of the flow circulation in these types of saline environments there is a need 
to consider all effective components such as the wave contributions to the flow pattern and thereupon 
salinity distribution. The current study deals with the effects of wave-current interactions to the flow 
pattern and salinity regimes in saline aquatic basins (such as shallow lakes, lagoons, bays and coastal 
regions). A dynamic coupled numerical wave-flow modelling, based on a third-generation wave algorithm, 
has been used. The coupled model has been verified against field data from Öresund Link. The verified 
model has then been employed to investigate the wave-flow interaction effects on the salinity distribution 
in an artificial shallow rectangular basin. This investigation has been part of a wider study on the salinity 
distribution in the hyper saline Lake Urmia. 
2. Methods and materials  
2.1. Model description 
The results presented in this paper were obtained using a commercially available modelling system, 
MIKE21/3 from the Danish Hydraulic Institute [10, 11]. The coupled model FM (Flexible Mesh) MIKE 
21/3 model is a fully dynamic modelling system for the simulation of water levels and flows in estuaries, 
bays, coastal areas and river environments which has two part: i) Spectral Wave (SW) model and ii) Flow 
model (HD). Wind-generated waves have been calculated using the Spectral Waves module (MIKE 21 
SW). It is a fully spectral wind-wave model and calculates the growth, decay and transformation of wind-
generated waves and swells in offshore and coastal areas. The HD model simulates water level variations 
and flows in response to a variety of forcing functions [10]. 
2.2. Model setup 
2.2.1. Öresund Link 
The Öresund Link is a combined bridge and tunnel infrastructure linking Copenhagen in Denmark to 
Malmo in Sweden. The Link is 16 km long and includes a 4 km long immersed tunnel, a 4 km long 
artificial island and one 8 km long bridge consisting a high elevated cable-stayed bridge section. As the 
area of interest is dominated with outflow of fresh water from the Baltic Sea and high saline water from 
the North Sea, measurement of salinity and temperature has taken place at the boundaries [12]. 
In this case, it has been tried to simulate the salinity pattern and temperatures in Öresund under wave-
flow interaction. River sources in Öresund are not very strong so they have not been included in this 
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modelling. The heat exchange with the surrounding atmosphere has been, however, included to provide a 
better simulation of the temperature-salinity relationship in the model. It has been necessary to include the 
flooding and drying over the computational grid, because some areas in the model will go dry during the 
simulation period. Drying depth, flooding depth, and wetting depth have been set 0.01 m, 0.05 m, and 0.1 
m, respectively as recommended by DHI [10]. Table 1 gives a summary on some input data. The 
simulation time covers a period of 12 days from 9/15/1997 to 9/27/1997. Some measurements for the 
water level and at various depths for the current velocities, salinities, temperatures at Ndr Roese (354950, 
6167973) are made available. The Öresund Link data have been used for the verification of the coupled 
wave-flow model 
2.2.2. Rectangular Basin 
The verified model has been used to study the wave-flow coupling effects on the flow and salinity 
fields in a hypothetical rectangular shallow basin (Fig. 1). The basin is 20 km wide and 40 km long. A 
separator wall with a 3 km opening, close to one of the basin sides, splits the basin in almost two halves 
while allowing for the flow exchange between the two (Fig. 1).  
The rectangular basin is a smaller scale idealized model of the hyper saline Lake Urmia. The lake in 
the North West corner of Iran is one of the largest permanent hyper saline lakes in the world and 
resembles the Great Salt Lake in the western USA in many respects such as the morphology, chemistry 
and sediments [13]. The lake is approximately 140 km long and between 15.4 to 50 km wide. It covers 
areas ranging from 4,750 km2 to 6,100 km2, dependent on evaporation and water influx conditions. The 
average and maximum depths are 6 m and 16 m, respectively [5, 6, 7, and 14]. The idealized basin is a 
compromise between a reasonable appreciation of the coupling effects on the salinity regime in a hyper 
saline water body and the simulation speed. 
Forcing and modelling data used for the flow and wave models in the idealized basin are listed in 
Table 1. In order to avoid shoaling effects, a constant depth has been considered for the basin. Two 
different depths, 10 m and 20 m, have been selected to investigate the depth effects on the wave-flow 
interaction. Ten equally spaced layers have been considered in the vertical direction. Absorbent type wall 
boundaries have been considered for the exterior sides of the model, so the flooding and drying at 
boundaries are neglected. 
Two models of the basin, one in the absence of waves (merely allowing for the wind-induced flow) 
and one with the wave-flow coupling effects have been used. A constant wind regime with a speed of 20 
m/s which blows in 180o direction relative to the North has been considered. This is close to an extreme 
event recorded during a representative normal year in the Lake Urmia. Initial temperatures are assumed 
constant and equal to a 10Û Celsius all over the basin. Two different initial salinities, 45 and 135 PSU 
(Practical Salinity Unit) have been examined. Unique initial salinities have been assumed all over the 
basin. Five saline and fresh water point sources have been assigned to the basin model. Table 2 
summarizes the discharge and location of each source. The sources inflow and location produce a 
relatively similar condition to that in the Lake Urmia. Finer mesh has been selected near the opening and 
the separation wall. Fifteen arbitrary sampling points around the basin have been considered to evaluate 
the simulation results, (Fig. 1). 
3. Results and discussions  
3.1.  Öresund Link 
Some results from the Öresund Link modelling are presented in Fig. 2. The figure shows time series of 
the temperature, flow speed and water level fluctuations at Ndr Roese (354950, 6167973) in the 
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modelling area. These are from i) a coupled wave-flow system; ii) a purely flow system (in the absence of 
wave forcing); and iii) those from field measurements. 
 
Table 1. Modelling parameters 
Parameters Öresund   Rectangular Basin  
Time step interval (s) 108  3600 
Duration (day) 9  365 
Wind friction Varying with wind speed (from 0.001255 at 7m/s to 0.002425 at 25 m/s) 
Bed resistance  (m) 0.05 0.01 0.05 
 
Fig. 1. Overall dimensions of the idealized rectangular basin with locations of the fresh and saline water inflows 
Table 2. Fresh and saline water sources for the idealized rectangular basin 
name Discharge (m
3/s) Salinity (PSU)
Position (Fig. 1) 
X (Km) Y (Km)
Source 1 5 0.3 0 5 
Source 2 5 0.3 7 0 
Source 3 5 45 0 15 
Source 4 5 35 17 40 
Source 5 5 0.3 20 5 
 
As it can be noticed the coupled wave-flow model represented a better agreement to the measurements 
as compared to those from the purely flow model. It should be mentioned that the difference between 
predictions of the two models grew less in deeper zones of the modelling area. As an example, differences 
of salinity predictions from the two models in 16/9/1997 and at Ndr Roese (354950, 6167973) were 
3.78%, 3.71% and 3.63% at locations with water depth of 3 m, 6 m and 10.5 m, respectively. The 
differences for the temperature at similar times and locations were 3.22%, 3.19% and 3.1%, respectively. 
The differences for the horizontal velocity (v) were 16.74%, 14.01% and 7.51%, respectively. 
The significant wave height (Hs) was predicted to reach around 0.6 meter, near the coasts in the south-
west of the Öresund Link. It is necessary to mention that Öresund can be regarded as a fetch limited area, 
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so the wave forcing contribution to the flow and salinity regimes is not expected to be large. Flow speed 
patterns at the time of maximum significant wave height (in 24/9/1997) are given in Fig. 3. It shows 
variations in the flow speed and direction predicted by the two models. The general conclusion from the 
Öresund modelling is that the coupled wave-flow model provided a better agreement to the field 
measurements for the water levels, flow velocities, salinities and temperatures, as compared to those from 
the purely flow model. 
3.2. Rectangular Basin 
The verified model has been used to study the wave-flow coupling effects on the flow and salinity 
fields in the idealized rectangular shallow basin. Details for the forcing inputs, the model geometry and 
the initial salinity conditions were discussed earlier. Table 3 gives the flow speed and salinity variations 
in the basin predicted by the model with no wave forcing and from the coupled wave-flow model. The 
results belong to different depths of 2, 5, 8 m below the mean water level at five sampling points, i) two 
points  in the northern basin; ii) two points in the southern basin; and iii) one point in the opening. The 
locations for the sampling points are given in Fig. 1 and the flow speeds and salinities in Table 3 relate to 
the end of modelling period.  
Table 3 shows that, in general, the wave-flow coupling effects have caused the flow speed to increase. 
The effects appear more pronounced in points close to the water surface and the difference in the 
horizontal velocity has amounted to 36%. Salinity changes predicted by the coupled wave-flow model are 
up to 49% higher than those from the purely flow model.  
The wave-flow coupling effects have had a balancing role for the salinity contents. The maximum 
salinity variation between the northern and southern points predicted by the coupled wave-flow model is 
less than that from the purely flow model. The difference between the two models salinity predictions 
grow higher in the northern basin as compared to that in the southern basin. In the opening itself, the 
wave contribution to the salinity variation is less remarkable. This is possibly because, with strong 
sources in the south (similar to that in the Lake Urmia) and a constant north-ward wind regime, the flow 
in the existing opening is mostly governed by the flow rather than the wave actions. So, the salinities in 
the opening are not significantly affected by the wave forcing and do not vary down the water depth.  
Fig. 4 presents the flow patterns in the idealized rectangular basin from i) a coupled wave-flow system; 
and ii) a purely flow system. The flow speeds/directions in Fig. 4 are depth averaged. As it can be noticed 
in Fig. 4, the circulation patterns, the flow speed and the flow gyre (being clockwise or counter clockwise) 
have been visibly changed, in both sub-basins, by the wave forcing effects.  
Fig. 5 reports the salinity patterns predicted by the two models. The figure shows that the salinity 
distribution/pattern has also been distinctly affected by the wave inputs. It can also be noticed that the 
peak water salinity in the basin has been reduced by the wave coupling effects. It appears that the wave 
input has ensured greater fresh/saline water mixing in each basin and has intensified the exchange of the 
water/salinity between the two sub-basins. It should be mentioned that results presented in Figs. 4 and 5 
correspond to the end of modelling period. 
 
Fig. 6 shows the effects of initial salinities and water depth on the salinities predicted in different 
sampling points around the basin. Fig. 6.a  compares the results from basins 10 and 20 m deep. Fig. 6.b 
gives the effects from the initial salinity (45 and 135 PSU) on the model predictions. The abscissa in Fig. 
6 reports the maximum (absolute) difference between the salinity predictions from the coupled wave-flow 
model and the purely flow model. It can be noticed that as the water depth decreases, the wave forcing 
effect on the salinity contents/distribution increases. Fig. 6.b also shows that the wave-flow interaction 
effects have become more distinct in models with higher initial salinities. The results clearly demonstrate 
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the importance of including the wave contributions to the salinity simulation models in shallow and hyper 
saline environments similar to that in the Lake Urmia. 
Table 3. Flow speed predictions in the rectangular basin from the coupled wave-flow model and the model with no wave forcing 
Point 
ID 
Depth 
(m) 
Flow speed  Change to the Initial Salinity  
No wave 
forcing 
(cm/s) 
Wave-flow 
coupling  
(cm/s) 
Difference in 
respect to the no 
wave forcing (%)  
No wave 
forcing 
(PSU*) 
Wave-flow 
coupling  
(PSU*) 
Difference in 
respect to the no 
wave forcing 
(%) 
P 2 
2 3.84 5.23 36.2 -1.306 -1.901 45.6 
5 1.78 1.35 -24.2 -1.306 -1.901 45.6 
8 4.73 3.6 -23.9 -1.306 -1.901 45.6 
P4 
2 3.72 4.24 14.0 -1.283 -1.911 48.9 
5 1.87 2.06 10.2 -1.283 -1.911 48.9 
8 5 4.69 -6.2 -1.283 -1.910 48.9 
P9 
2 3.49 4.33 24.1 -2.466 -2.323 -5.8 
5 2.65 3.17 19.6 -2.442 -2.309 -5.4 
8 6.23 6.48 4.0 -2.423 -2.299 -5.1 
P 12 
2 3.9 3.84 -1.5 -3.448 -2.955 -14.3 
5 1.9 1.92 1.1 -3.446 -2.954 -14.3 
8 5.12 5.16 0.8 -3.445 -2.953 -14.3 
P 15 
2 4.24 3.98 -6.1 -3.945 -3.270 -17.1 
5 1.76 1.85 5.1 -3.944 -3.270 -17.1 
8 4.89 5.11 4.5 -3.943 -3.269 -17.1 
4. Conclusion 
In this article the wave contributions to the flow and salinity regimes in saline water bodies were 
investigated. Three dimensional coupled wind-current models were verified against some field 
measurements. The coupled model presented a better agreement with the field records as compared with 
the purely flow model. The wave presence was found to cause important changes in the flow 
speed/direction, water surface fluctuation, bed levels (sediments) and the salinity contents/patterns. The 
relative magnitude of the effects, however, varied in different cases. For the water surface elevations, the 
predictions from the coupled wave-flow model and the purely flow model were relatively close to each 
other and the differences were trivial. The wave contribution to the flow speed/direction, on the other 
hand, was found to be remarkable. This was more pronounced with shallow waters, with higher waves 
and in areas closer to the water surface.  
The wave-flow coupling effect was noticed to have notable impacts on salinity distribution/contents. It 
was observed that the maximum/minimum salinity contents reduced/increased by the wave coupling 
effects. The wave coupling effects on the salinity regime were more distinct in shallow large water bodies 
and were increasing as the wave height and the initial salinity increased. 
From the result of this study it can be concluded that in saline and hyper saline environments the wind-
induced wave contribution to the flow may have important effects on the salinity 
pattern/circulation/contents. This could become more important in shallow and large water bodies where 
the velocity of high waves generated by the wind actions does not appreciably decrease by the water 
depth.  
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Fig. 2. Time series of the flow velocity, temperature, salinity, and water level at a point (354950, 6167973) in Öresund Link 
from i) a coupled wave-flow system; ii) a purely flow system; and iii) from field measurements. 
Fig. 3. Flow speed/direction patterns in south coasts of Öresund Link from: (a) a coupled wave-flow system (right); (b) a purely 
flow system (left). 
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Fig. 4. Typical flow speed/direction patterns for the idealized rectangular basin, predicted by (a) the coupled wave-flow model 
(right); (b) the purely flow model (left). 
   
Fig. 5. Typical contour plots of the salinity patterns/contents for the idealized rectangular basin, predicted by (a) the coupled wave-
flow model (right); (b) the purely flow model (left). 
a b 
Fig. 6. Discrepancy between the "purely flow model" and the "coupled wave-flow model" salinity predictions in the idealized 
rectangular basin:  (a) the basin depth effects; (b) the initial salinity effects. 
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